The release of antibiotics to the environment after use by fish farms could have potentially negative effects. Here, we assessed how the antibiotic oxytetracycline (OTC) affect the meiofaunal communities of Jeju Island in Korea. We assessed how: 1) nematodes responded to 0-2000 ppm OTC over 48 h; 2) Metoncholaimus spp. (the most abundant group) responded to 0-500 ppm OTC over 48 h; and 3) the meiofaunal community responded to 0-200 ppm OTC for 1-month. In experiment 1, all nematodes died at high antibiotic concentrations (1000 ppm, 2000 ppm), but death rates rapidly decreased at 500 ppm (42%) and below (0-9%). In experiment 2, Metoncholaimus spp. death rates were similar to those documented in experiment 1 for OTC concentrations of 500 ppm (45%) and decreased at 125 ppm and 250 ppm (to 30% and below). In experiment 3, long-term exposure to low concentrations (200 ppm or less) of OTC did not have a strong effect on meiofaunal density, with meiofaunal density in the experimental group showing no decline with OTC concentration. However, we confirmed that differences in OTC concentration affects the structure of meiofaunal communities, making it important to regulate their use by fish farms.
Introduction
Declines in wild fish stock through the exploitation of popular marine species, combined with the growing human demand from aquatic life, has led to the expansion of aquaculture (Dolan et al. 2013) . The aquaculture industry is a growing industry in many countries. It is expected that the growth of the aquaculture industry will rapidly increase in the future, stimulated by the depletion of fisheries (Goldburg & Naylor 2005) .
In fish aquaculture, nearly all practices that manipulate fish cause stress (Barton & Iwama 1991) . Because such manipulations reduce the ability of the immune system of fish to combat the colonization and infection of bacteria (Barton & Iwama 1991 , Naylor & Burke 2005 , it has become common to increase the use of antibiotics to limit this risk.
The most used antibiotics in fish farms are oxytetracycline (OTC) and florfenicol (FLO) (Rigos & Troisi 2005) . Of these, OTC is a tetracycline antibiotic that has bacteriostatic action by Streptomyces spp. fungi that is used to treat systemic bacterial infections of fish (Jerbi et al. 2011) . OTC affects the marine environment, especially the sediment. Jacobsen & Berglind (1988) found detectable concentrations of OTC in the sediment of a fish farm three months after feeding fish with antibiotics. In addition, the authors showed that OTC is relatively persistent in anaerobic sediments and has an expected half-life of 10 weeks. The presence of OTC in the sediment for such an extended period might increase the chance of bacteria that are present in the sediment developing resistance to OTC, since tetracyclines induce resistance to antibiotics in aquatic microflora and bacteria that are pathogenic to fish (Austin 1985 , Schlotfeldt et al. 1985 , Jones et al. 1986 ). Antibiotics exposed to the ocean negatively affect the marine environment. However, knowledge remains limited about the toxicological effects of antibiotic use in aquaculture on non-target organisms and the environment . Since the 2000s, some studies have shown that several antibiotics are acutely toxic to aquatic organisms (HallingSørensen 2000 , Wollenberger et al. 2000 .
Antibiotics are non-biodegradable substances that potentially survive sewage treatment works (Kummerer et al. 2000) . Some antibiotics might be environmental hazards, with documented toxicity to different organisms at different exposure concentrations (Ferrari et al. 2003) ; however, knowledge remains limited on how antibiotics affect the trophic diversity of benthic communities. Among benthic fauna, free-living nematodes are the most abundant meiofauna taxa, and have been used in impact studies for many aquatic ecosystems (Mahmoudi et al. 2005 , Gyedu-Ababio & Baird 2006 . The life cycle characteristics and the high diversity of nematodes suggest that this group could be potentially used in ecotoxicological monitoring (Hermi et al. 2009 ).
OTC antibiotics were among the first drugs to be used against many serious diseases in fish farms. These antibiotics cause many problems in the ocean by disturbing the ecosystem. The main objective of the present study was to study how OTC affects meiofaunal communities around Jeju Island in Korea, where many fish farms are present. Our results are expected to provide new insights on how the use of antibiotics should be managed by fish farms to minimize damage to the surrounding environment.
Materials and Methods

Sediment sampling
Sampling was carried out in the intertidal zone of Jeju Island. Jeju Island is located on the southern part of the South Korean peninsula and is classified as a volcanic island within the subtropical zone (Fig. 1) . The first and second experiments of this study were conducted in August 2017. The third experiment was conducted in April 2018.
All samples were collected from sandy sediments along the coast of Hamdeok Beach, Jeju Island. Sediments of 5 cm of depth were sampled using acryl cores of 10 cm 2 and were transferred to clean and uncontaminated bottles. The collected sediment samples were transferred to the laboratory inside an ice box containing frozen ice packs. In the laboratory, the sediment samples were homogenized by gentle hand stirring with a spatula before the experiments. The sediments had a mean grain size of 0.84 phi and organic carbon content of 0.038% and were primarily composed of shells (CaCO3, 90.78%), with some sand (9.22%).
Experimental design Experiment 1 Nematode response to different concentration of antibiotics
In the first experiment, the OTC concentration in seawater for the experiments was set to control, 125, 250, 500, 1000 and 2000 ppm. To prepare seawater for each concentration, OTC was mixed with 100 ml seawater in each beaker. Seawater used for the experiment was filtered with a 1.2 µm filter. Seawater from the area where the nematodes were collected was used. The OTC used was the product of Sigma-Aldrich (Germany, Darmstadt). The control and treatments used in the experiment were carried out in two replicates.
Nematodes used in the experiments were separated from sediments. Separation of nematodes from sediments was carried out in a specific manner using anesthetics (MgCl 2 ). We put the collected sediments with living meiofauna in 500 ml bottles and mixed half a bottle of seawater with 5% MgCl 2 to anesthetize the nematodes. Then, the bottles were left for about 30 min to allow the anesthetic to take effect on the nematodes. A portion of the sediment containing anesthetized nematodes was shaken so that the nematodes would float to the surface, and the supernatant was transferred to a petri dish. Next, the nematodes were checked under a dissecting microscope to confirm that they had been anesthetized (i.e., no movement). Once the nematodes were anesthetized and showing no movement, they were separated under a microscope using an O-type loop. The selected nematodes were transferred to a petri dish with clean filtered seawater to confirm they were alive. The nematodes released from the anesthesia began to move again. The living nematodes from sediment of one acryl core were then transferred to a petri dish containing 10 ml seawater with different concentrations of dissolved OTC using a pipette.
The experiment was carried out for 48 h. The temperature was maintained at 20°C, and all light was blocked to prevent the proliferation of algae. After the experiment, dead and live nematodes were distinguished based on movement.
Experiment 2 Metoncholaimus spp. response to different concentrations of antibiotics
In the second experiment, Metoncholaimus spp. was used to investigate how different concentrations of antibiotics affected its survival rates. Metoncholaimus was the most dominant nematode genus in the intertidal zone of Hamdeok Beach. Metoncholaimus spp. was large enough to distinguish it under the dissecting microscope.
The seawater and nematodes (Metoncholaimus spp.) used in the second experiment were collected and extracted in the same way as in the first experiment. However, seawater with concentrations of control, 30, 60, 125, 250 and 500 ppm OCT was prepared. The control and treatments used in the experiment were carried out in two replicates.
The experimental design was the same as that used in Experiment 1. The selected nematodes were transferred to clean filtered seawater to confirm they were alive. The nematodes were then transferred to a petri dish containing 10 ml seawater with different concentrations of dissolved OTC using a pipette. The experiment was carried out for 48 h. The temperature was maintained at 20°C, and all light was blocked. At the end of the experiment, dead and live nematodes were distinguished based on movement.
Experiment 3 Meiofaunal community response to different concentrations of antibiotics
The third experiment investigated how meiofaunal communities in the sediments changed with OTC concentrations. First, the sediment that was collected from Jeju Island was alternately frozen and thawed three times to defaunate it (Gyedu-Ababio & Baird 2006). Then, 100 g (dry weight [dw]) sediment was contaminated with different concentrations of OTC. Sediments contaminated with OTC were stored for one week at 5°C to stabilize them (Mahmoudi et al. 2005) . The OTC treated sediments were then mixed with 200 g natural (uncontaminated) sediment, to obtain 300 g heterogeneous mass (100 g treated sediment+200 g natural sediment with meiofauna). Prepared sediments were transferred to glass bottles for the microcosm experiments. OTC concentration in each sediment was finally set to control, 0.5, 1, 10, 100, and 200 ppm.
The microcosms were formed of 600 ml glass bottles that were stoppered with a rubber bung with two holes that was aerated via an air stone diffuser (Fig. 2) . One control and five OTC treatments with three replicates were set up. Treated microcosms were gently filled with 300 g homogenized sediment topped up with 500 ml filtered natural sea water. After one month, the experiments were completed, and the sediments were fixed in 4% formalin with Rose-Bengal. Meiofaunal taxa were sieved following the resuspension-decantation methodology (Wieser 1953) . The number of meiofauna was counted to the highest taxonomic level, using a dissecting microscope (Leica MZ16). All nematodes were identified at the highest taxonomic level using an Olympus BX51 (Japan, Tokyo) optical microscope.
Nematodes were identified to the genus level using pictorial keys (Platt & Warwick 1983 , Warwick et al. 1998 . Nematodes were grouped according to their trophic status based on the original groupings of Weiser (1953); specifically: 1A selective deposit feeders; 1B non-selective deposit feeders; 2A epistrate feeders; and 2B predators/ omnivores.
Processing of samples
To identify nematodes, organisms were isolated from the samples. All nematodes were removed using a fine pin under a microscope and were transferred from formalin to 3% glycerin One week later, they were mounted on microscope slides in glycerine for identification. Nematode samples on slides were identified to the genus level.
The program CLUSTER analysis with SIMPROF test was carried out using the Bray-Curtis similarity measure. The density data of all taxa found in the microcosms were fourth root transformed and used in the analysis. CLUS-TER analysis was applied to determine whether the meiofaunal communities changed in relation to different levels of OTC contamination. The SIMPER (similarity percentage) test was used to determine the average dissimilarity between microcosms. CLUSTER and SIMPER analyses were performed using the software package PRIMER version 6.1.12 (Clarke & Gorley 2001).
The exposure period was 48 h in experiment 1 and 2, and the number of dead nematodes (Metoncholaimus spp.) was counted at the end of the test. The 48-h LC50 with 95% confidence limits for oxytetracycline was calculated using probit analysis. The significance of differences between control and treatments with antibiotics was determined by one-way analysis of variance (ANOVA) on SPSS 12. One-way ANOVA was used to test for differences in OTC between the control microcosm and the experimental microcosms using SPSS v.19. Statistical significance was set at P < 0.05.
Results
Experiment 1
The death rate of nematodes with respect to different antibiotic concentrations is shown in Table 1 . The death rate of nematodes was 1.8% at control, and 0% at 125 ppm. Death rate was 8.9% at 250 ppm and 41.7% at 500 ppm. And, all nematodes died at the highest antibiotic concentrations (1000 ppm, 2000 ppm) within 48 h of the start of the experiment.
Out of all nematode genera, Metoncholaimus spp. was the most dominant and Enoploides spp. was the second dominant. The survival rates of the two dominant species are shown in Fig. 3 survival rate was 71.4% at 500 ppm and 0% in the experimental group with concentrations of more than 1000 ppm.
Experiment 2
The death rate of Metoncholaimus spp. with respect to different antibiotic concentrations is shown in Table 2 . The death rate of Metoncholaimus spp. was similar at concentrations below 60 ppm, 0% at control and 60 ppm, 5% at 30 ppm. The death rate of Metoncholaimus spp. began to increase in microcosms of OTC concentrations above 125 ppm. Death rate was 20% at 125 ppm, 30% at 250 ppm and 45% at 500 ppm.
The survival rates of Metoncholaimus spp. are shown in Fig. 4 . The survival rate of Metoncholaimus spp. was 100% in the control and 60 ppm microcosms. In the 30 ppm microcosms, 1 out of 20 nematodes used in the experiment died and showed 95% survival rate. Survival rate of Metoncholaimus spp. was 80% at 125 ppm, 70% at 250 ppm and 55% at 500 ppm in the OTC treated microcosms.
Experiment 3
The average meiofaunal density after the experimental period is presented in Fig. 5 . The density of meiofauna was 38.3±22.8 individuals in the control microcosm. The mean density of meiofauna showed the lowest 15.73±7.5 individuals at 10 ppm microcosm. The highest density was observed in 50.0±15.5 individuals of 100 ppm microcosm. Significance testing using the one-way ANOVA of total meiofauna density from each microcosm showed no significant differences between the control (0 ppm) and OTC treatments.
The density ratio of meiofauna in each experimental microcosm is shown in Fig. 6 . In the control and low concentration microcosm (0.5 ppm and 1 ppm), the ratio of nematodes was low and the ratio of harpacticoids was high. And, in the high concentration microcosm (10 ppm, 100 ppm and 200 ppm), the ratio of nematodes was high and the ratio of harpacticoids was low. In other words, the higher the OTC concentration, the higher the ratio of nematodes and the lower the ratio of harpacticoids. In the microcosms with 0 ppm, 0.5 ppm, and 1 ppm, harpacticoids accounted for more than 60% of species. However, the percentage of harpacticoids decreased to less than 45% in the microcosms with more than 10 ppm, and the ratio of nematodes increased by more than 50% in microcosms of 100 ppm or more. In 200 ppm microcosms, the ratio of harpacticoids was reduced to 22% of the total meiofauna, and the nematode rate increased to 75%.
Cluster analysis (Fig. 7) demonstrated that OTC con- tamination is affection the structure of meiofaunal communities. Two groups were delineated by a Cluster analysis of the Bray-Curtis similarity matrix based on the density of meiofauna in this experiment 3 (SIMPROF test, P<0.05). Group 1 included samples collected from the control and from microcosms with low OTC concentrations (0.5 ppm and 1 ppm). Group 2 included samples collected from microcosms with high OTC concentrations (10 ppm, 100 ppm, and 200 ppm). SIMPER showed that the highest average dissimilarity was recorded between the control (0 ppm) and OTC concentrations of 100 ppm and 200 ppm. This approach also confirmed the difference in meiofaunal communities caused by different concentrations based on dissimilarity between the microcosms with 10 ppm or more OTC and those with 1 ppm or less OTC (Table 3) . As the OTC concentration of the experimental groups increased, the value of dissimilarity of the meiofaunal communities increased with the control.
The values for the species composition of nematodes are shown in Table 4 . The most dominant nematode was Daptonema spp., for which the density increased with high OTC concentration (100 ppm, 200 ppm). Enoplolaimus spp. also occurred at a high density in microcosms with high OTC concentration (100 ppm, 200 ppm). Other nematodes showed no trend in relation to OTC concentration.
The change in density according to the feeding type of nematodes is shown in Fig. 8 . Nematodes with feeding types 1B and 2B increased at higher OTC concentrations. However, the densities of nematodes with feeding types 1A and 2A were similar at all OTC concentrations. Twen- ty-two, 78, and 55 nematode individuals per microcosm exhibited feeding type 1B in the experimental group with OTC concentrations of 10 ppm, 100 ppm, and 200 ppm, respectively.
Discussion
OTC is a commonly used antimicrobial agent to treat infectious diseases in the aquaculture of marine fish. OTC is usually administered to fish at doses of 50-80 mg per kg of body weight per day for 8-10 days (Stoskopf 1988) . OTC is exposed to the marine environment for long periods of time. Existing studies have shown that OTC persists in sediments below fish farms (Jacobsen & Berglind 1988; Samuelsen 1989 ). Hektoen et al. (1995) showed that OTC has a half-life of 151 days in the top layer of the sediments. The OTC that remains in sediments for a long time continues to accumulate and affect organisms inhabiting sediments. In one study, a large amount of oxytetracycline was administered to salmon in a farm, with a maximum OTC concentration of 4.2 ppm in sediments below the farm (Capone et al. 1996) . In comparison, the OTC concentrations used in the current study were very high and are unlikely to be detected in the natural environment. However, because this is the first study investigating the effect of OTC on meiofauna, high concentrations were used to establish baseline information.
In the first experiment, we aimed to identify how OTC present in marine environment for a long time affects nematode communities. When exposed to high concentrations of OTC (>1000 ppm), all nematodes died within 48 h (0% survival rate). In comparison, death rates of less than 10% occurred at concentrations below 250 ppm. The death rate of nematodes increased sharply at >500 ppm. In other words, the survival rate of nematodes increases rapidly when OTC concentrations decreased.
Among the meiofaunal taxa that play an important role in the marine benthic ecosystem, nematodes are ideal indicators of environmental change because they are dominant and highly diverse organisms (Bongers & Ferris 1999) . In addition, nematodes are directly exposed to pollutants in sediments (Moreno et al. 2011 ). The first experiment shows that the death rate of nematodes rapidly changes above certain OTC concentrations. Thus, nematodes could be potentially used as a rapid indicator tools to detect changes to the environment.
In the second experiment, Metoncholaimus spp., the dominant species of nematodes, was used to confirm the response of nematodes at OTC concentrations of <500 ppm. These concentrations caused greatest increase in mortality in the first experiment. The second experiment confirmed that Metoncholaimus spp. exhibited a similar response to OTC concentrations as all nematode species in experiment 1. While the death rate was similar at 500 ppm compared to experiment 1, it was slightly higher at 250 ppm and 125 ppm. The dose-response curve of dominant nematodes (Metoncholaimus spp.) measured in both experiments 1 and 2 is shown in Fig. 9 . The death rate of Metoncholaimus spp. began to increase at an OTC concentration of 125 ppm or more. The death rate exceeded 50% at an OTC concentration of 500 ppm. The 48 h-LC50 of Metoncholaimus spp. occurred at an OTC concentration of 420.5 ppm, with a 95% confidence interval from 315.2 to 561.0 ppm.
A death rate of 20% at an OTC concentration of 125 ppm demonstrates that Metoncholaimus spp. are highly resistant to environmental change. The Metoncholaimus spp. used in this experiment were considered to be resistant to polluted environments. Dang & Sun (1997) previously reported that the distribution of Metoncholaimus scissus along pollution gradient shows the same pattern as that of the polychaete, Capitella capitata, with a linear relationship existing between these two species. Capitella capitata has been traditionally used as a biological indicator species, due to its widespread distribution and high density in disturbed and polluted marine and estuarine sediments (Dean 2008) .
In the third experiment, we aimed to determine the effect of low OTC concentrations on meiofaunal communities over a long period of time. The third experiment showed that long term exposure (1 month) to low concentrations of OTC (max. 200 ppm) had no strong effect on meiofaunal density. The density of meiofauna did not decrease in the experimental group that had the highest concentration of OTC (200 ppm). However, the density ratio of meiofaunal taxa changed with different OTC concentrations. Specifically, as the concentration of OTC increased, the proportion of harpacticoids decreased, while the proportion of nematodes increased. Harpacticoids generally respond more sensitively to pollution than nematodes (Gee et al. 1985 , Warwick et al. 1988 .
In addition, we confirmed that different OTC concentrations alter the structure of meiofaunal communities using statistical classification through the CLUSTER analysis. We found that low (1 ppm or less) and high (10 ppm or more) concentration clusters showed statistically significant differences (SIMPROF test, P<0.05). OTC concentra- tions below 200 ppm did not have a strong effect on the density of meiofauna. Contrary to our prediction, we did not observe a decrease in meiofaunal density at high concentrations. However, OTC concentrations influenced the structure of the meiofaunal community.
In the third experiment, the density of the nematodes in the high concentration microcosms (100 ppm and 200 ppm) was higher than the low concentration (control, 0.5 ppm, and 1 ppm). According to a study by Nasri et al. (2015 Nasri et al. ( , 2016 , the nematode density of some microcosms treated with penicillin G increased, and the antibiotics had a strong effect on the trophic structure and group composition of nematode communities. In particular, out of the nematode species that increased in this study, Daptonema spp. increased rapidly at high OTC concentrations. Daptonema spp. was the most dominant nematode in this experiment. Daptonema spp. is a non-selective deposit feeder that consumes heavy bacterial biomass (Heininger et al. 2007 ). In the third experiment, the increase in the density of Daptonema spp. seemed to be due to the increase in prey abundance. Thus, the presence of OTC in the sediment over a long period of time might increase the chance of bacteria being present in the sediment (Austin 1985 , Schlotfeldt et al. 1985 , Jones et al. 1986 ). Furthermore, Daptonema sp. a good indicator of stressed and polluted habitats (Nanajkar & Ingole 2010) .
The misuse of antibiotics to protect aquaculture species and livestock from disease, eventually results in their being released into the marine environment. One study reported that antibiotics (like OTC) used salmon breeding farms remain in the sediments for at least 1-year (Capone et al. 1996) . Jacobsen & Berglind (1988) showed the presence of OTC in the sediments of fish farms three months after antibiotics were administered to fish. Thus, antibiotics are adsorbed to sediments in marine environments. Some studies have reported that tetracyclines are strongly adsorbed to clay materials, soil, and sediments (Rabolle & Spliid 2000 , Pouliquen & Lebris 1996 . Consequently, antibiotics adsorbed to sediments could affect the marine benthic environment. Furthermore, higher concentrations of antibiotics affect meiofaunal communities, as demonstrated by the results of the current study.
In conclusion, the use of increasing OTC concentrations is causing clear changes in the community structure of nematode populations. The accumulation of antibiotics, such as OTC and penicillin G, in sediments seems to be altering the structure of microbial communities in marine ecosystems (Nasri 2015) . Because the numbers of these bacteria are increasing, the abundance of some nematodes that use them as food is also increasing. These changes to the marine ecosystem are progressing gradually.
Several studies have shown that meiofaunal and nematode communities are changing after exposure to a variety of pollutants, such as hydrocarbons (Mahmoudi et al. 2005 , Kang et al. 2014 ) and heavy metals (Hermi et al. 2009 , Kang et al. 2018 ). Our study confirmed that the overuse of antibiotics negatively affects the marine benthic ecosystem, especially the meiofaunal community. We anticipate that the results of this study will contribute toward formulating guidelines to restrict the emission of pollutants, such as antibiotics, in the natural environment.
